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lons produced by X-rays in the air at atmospheric pressure 


By Arvips METNIEKS 


With 15 figures in the text 


1. Introduction 


Ions generated by a number of sources have been investigated at this Institute 
during the last few years [6, 7, 8, 11]. For another investigation the Institute had at 
its disposal an X-ray impulse lamp designed for use of dentists and the opportunity 
was taken to investigate the ions produced by this ion source. The concentration 
and mobility spectra of small and large ions generated by X-rays from the lamp 
were measured to complete the previous investigations carried out at this Institute 
on ions from the other sources. 

X-rays are known for a long time to be an effective ionisator and are often used 
as ion source for many experiments. It is generally assumed that they give us only 
small ions of both signs and with mobilities about 1 cm/sec: volt/em. Not much has 
been done to explore X-ray ions since the pioneering work done on them at the begin- 
ning of this century. Recently Pollermann [9] has used them to explore condensation 
processes around ions in a cloud chamber. 

Measurements carried out at the Institute on small ions in the atmospheric air 
enriched with the air from the ground [12] showed the existence of two different 
mobility groups of small ions. Yunker [18] has found the same for atmospheric small 
ions. That artificial ions can also have several groups of mobility has been indicated 
by Erikson [2], Zeleny [17], Chapman [1]. It is of interest to see if the X-ray small 
ions have two groups or only one group of mobility for each sign of ions. If there 
are several groups, then the process of transformation is very important. The next 
question is whether X-rays are able to create condensation nuclei and large ions, or 
whether the X-rays ionize the already existing nuclei and in such a way increase the 
amount of large ions. 


2. Apparatus 


The X-ray lamp was a Siemens ““Réntgenkugel” R 305/4263, designed for use of 
dentists. Therefore uninterrupted X-raying with it was not possible. One could 
obtain at most a single flash per minute of a maximum duration of 5 seconds. The 
common procedure of measuring, that is that of switching on the ion source, measur- 
ing the number of ions and their spectrum during the course of time, had to be modi- 
fied. Apart from this, the apparatus and the method of counting remained the same 
as when measuring corona ions [6]. 
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Fig. 1. Schematic diagram of the experimental arrangement. (B) suction-box; Sp inlet-tube with 
slide, S;, and Sy slides to ion counters. (W) small-ion counter with Weger condenser Cy; Linde- 
mann electrometer LH, calibration device D, potential for control electrode By. (1S) Israél 
large-ion counter; C,, C, cylindrical condensers with batteries B,,; LH Lindemann electrometer 
with calibration device D; R rotameter; VC vacuum cleaner. (X) X-ray lamp in position (I) 
X-raying the suction-box B and in position (II) X-raying only the suction tube to the ion counters. 


Ions were generated by X-raying the air in the suction-box. The wooden walls — 
of the box permitted sufficient X-rays to ionize the air in the suction-box giving an 
ion concentration of c. 108 n/cm*, so that it was necessary to diminish the X-ray 
intensity by absorbing them in some mm of iron sheet. The arrangement is shown 
in Fig. 1. 

The small ions were measured with a counter built at the Institute and containing 
a Weger condenser [10]. The large ions were counted with the Israél large-ion counter 
[6], connected in series with the small-ion counter, which caught all ions with a 
mobility greater than c. 0.15 cm/sec: volt/cm. 

A vacuum cleaner supplied a constant airflow ¢ through the counter and the suc- 
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tion-box and this ¢ was measured with a rotameter. The inlet of the suction-box 


was connected to a test-room which had been used previously in ion measurements 
at the Institute [6]. 


3. Procedure of measurements 


As already stated it was not possible to use the usual procedure—to measure the 
change of ion concentration with time after switching on the ion source, to do this 
with different potentials V at the control electrodes, or at different limiting mobili- 
ties, and to determine the ion spectra from the curves obtained, especially when 
the ion concentration reaches some equilibrium. 

The suction-box was X-rayed instead of X-raying and ionizing the air in the test- 
room and in this way the following advantages were obtained: (1) the beam of X-rays 
covered all the suction-box, but it could not cover all the test-room; (2) the path of 
ions from their origin to the counter was thus shortened and the losses of ions through 
recombination, combination and absorption in the connection pipes to the ion coun- 
ters were decreased. 

As the lamp gives only X-ray flashes, the constancy of their intensity has to be 
investigated first of all. The following factors must be considered: 

(1) The duration of X-ray flash. The switching watch of the X-ray lamp can be 
adjusted to an accuracy of < 1% when taking flashes of two seconds’ length or longer. 
If the motion of the watch itself is accurate within the same possible error, then 
the length of a single flash is accurate to ~1%. 

(2) The voltage changes in the net. The high tension applied to the X-ray lamp 
depends on net voltage and its changes, and this determines the hardness of the 
X-rays. The intensity of the X-rays also depends on the net voltage. To detect this 
influence measurements on the number of small ions were carried out when the net 
was differently loaded. It was found that the ion concentration changed by about 
4% when the net voltage itself was varied by 1 volt, the net tension being between 
210-230 V. A stabilizer was necessary in order to avoid the changes of the net voltage, 
but those at our disposal could not hold the c. 1 kw load when switching on the X-ray 
lamp. Therefore when working the net was loaded with a resistor in parallel with 
the X-ray lamp and by changing this resistance the voltage of the net was kept 
constant to within +0.5 volt. At least two measurements were always taken for 
each limiting mobility of the counter and when these two disagreed, an additional 
third reading was taken. 

(3) The constant action of the lamp itself during flashes. After eliminating possible 
errors under the above two heads the agreement between single measurements was 
consistent to within a few per cent. Therefore the operation of the lamp itself satisfied 
the requirements of the experiment. 

The individual flashes took place at regular time intervals, usually 5 minutes. 
During this time the ion concentration, because of recombination and replacing of 
the air in the suction-box, had practically reached the background level again, namely 
that determined by natural ionization. 

The time ¢ when the needle of the electrometer passed some fixed number on the 
scale divisions was read off at the beginning of the measurements, but soon it was 
found to be much better to take the electrometer readings at certain fixed whole 
seconds which were followed in the head telephone connected with a clock, so that 
one had only to watch the electrometer readings. In this way time was measured 
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more accurately than with a watch. For example, the readings were done at t = 0 sec., 
that is at the starting moment of the flash and then at ¢ = 5, 10, 15, 20, 30, 40, 60 
and 90 sec. 


4.1. Evaluation of measurements 


The measurements give the total number % of ions which reach the counter and 
are captured during a definite time interval from the beginning of the X-ray flash. 
And for an X-ray flash of a definite length and intensity this 7 depends on the tension 
applied to the control electrode of the ion counter; it corresponds to a definite limiting 
mobility k,. By repeating this for a series of limiting mobilities a family of curves is 
obtained some of which are plotted in Figs. 2 and 3. Each curve represents 


t € © t ky 
a=[gnar-4] [ienaeac+® | fara.narat (1) 
0 O ky *9 0 


or % = p(t; k,), i. e. the total number of counted ions as a function of time and contain- 
ing different counter-limiting mobilities k, as parameter where the air-flow ¢ re- 
mains constant. 


The expression for the ion concentration n measured at a definite limiting mobility 
of the counter is as usual [13] 


i) Ky ' : 
n=|fdendk+e | fbn ak—n(k,n (2) 
ky AG 


with the sole difference that the function of occupation—f (k) itself is taken as depen- 
dent on the time—f (k, t). 

Taking some definite time moment t =T, e.g. t=15 sec. and by differentiating 
the % = p(t; k,) curves at this point, n values are obtained for different chosen limiting 
mobilities defined by the tension of the control electrode. When n values are found 
the characteristics may be drawn as usual [13]—the direct n = y (k,,) or the reciprocal 
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Positive ions 
e n=F(i/ky) t= 
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Fig. 4. 1/kx characteristic for positive ions 
deduced both from n- and from the 7-curves 
for the same time moment t = T. 


n = F(1/k,) for definite t =7,; values. Without performing this mathematical opera- 
tion we have to write characteristics in the form n =(k,, t) or n = F(1/k,, t). 

As we will see later, it is sometimes possible to take the measured values 7 instead 
of n, for they are both directly proportional to one another under certain conditions. 
That these conditions are fulfilled in the present measurements is seen from Fig. 4, 
in which two curves are shown, one based on the values of n and the other on the 
values of 7 directly choosing the proper scale in both cases. 


4,2. i=y(t; k,) curves 


When we use the actual measured values of % as ordinates we get a family of 
curves expressed by the relation 7 = p(t; k,). On the other hand, we cannot obtain 
directly n-curves, which are known in ion measurements as the characteristics, by 
plotting the measured values. To obtain the points for these n-curves we must 
calculate the values (dv /dt)+_7,, i.e. we must take the slopes of the family of 7-curves 
for fixed values t =t;. We can then plot the family of n-curves in either of the two 
forms—n = p(k,) or n = F(1/k,)—choosing that form which is most suitable for 
our purposes. If the measured values % are to be used to obtain the characteristics 
directly, there must exist proportionality 


Mrs agonist = fy 7g: Ns: 
or y (ky): @ (ky): (ks): = p(hy): p (ke): y (ks): 

P(ky) _ plks) _ p(ks) _ byt Ss a t 3 
4 y (ky) ple) p(s) ae ie) 
for t=T1, Te, Tz «-- 


If the ion spectrum does not cover a wide range of mobility Ak, it may be assumed 
that all the ions in this range have the same coefficient of recombination and the 
same coefficient of combination with large ions, that is, all ions in this mobility 
interval Ak have the same properties and physical constants. If this assumption 
is true then the entire ionic spectrum will obey a law which may be expressed mathe- 
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matically as n =n(k,, t) =h(k,) g(t). The function g (t) gives the change of the ionic 
spectrum with time. = 
If we rewrite the expression for n (2) in its new form 


co ky 
n(k,,, t) = [awa ar of x |e aawat 
ky *o 
we get n . 
ptt,, 090] [aaraes ge | kauyae|, (4) 
ix *9 


For the function yp (k,,¢) we obtain 


t t oo ky 
1 
ple. 0-9 [nko at=4 [ay atl minyaks p [ba (Ry at], (5) 
0 0 lex 0 
From (4) and (5) 


¥ a nF J ae const. (6) 


¢fg(t)dt 
0 


< 


The ratio (6) is independent of k; for fixed ¢ = 7}. 

Thus it is shown that under the conditions mentioned such interchange of m and 7% 
is permissible. Such interchanges were often used when evaluating the measurements, 
especially when there was some doubt how to draw the curves through the points 
obtained in the ordinary way, that is, when it was impossible to say if there was only 
one break in the n = F(1/k,) curves or more breaks. 


5. Results 
5.1. Small ions 


The small ions constitute the bulk of the ions generated by X-rays. As will be seen 
later the amount of large ions generated is very small, being only a few per mil of 
the number of small ions. It may be questioned whether they are generated immedi- 
ately or are a later product of transformation. 

The concentration of small ions is approximately the same for positive and negative. 
ones, that of the positive ions being a little larger (Figs. 5 and 6). The maximum of 
the absolute difference n 4 —n_ occurs some 10-20 seconds after the flash, but the 
relative maximum n, /n_ occurs only after 2-3 minutes (Fig. 7). This is explainable 
by the different mobilities of positive and negative ions, negative ions being more 
mobile. Therefore they diffuse faster towards the walls of the suction-box and con- 
necting pipes. Consequently more of them are adsorbed there than of the positive 
ions, the latter attaining a small surplus in this way. 

In general positive small ions have two groups which have not a very stable posi- 
tion in the mobility spectrum but may shift themselves a little to one side or the 
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Fig. 5. 1/ kx characteristics for X-ray small Fig. 6. 1/kx characteristics for X-ray small 
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Fig. 7. The n, — n_ and n,/n_ curves of X-ray small ions as functions of time. 


other. The largest group, containing about 3 of all the positive ions, lies commonly 
in the range k, = 0.6-0.9 cm/sec: volt/em, but the remaining portion lies between 1.3 
and 2.2 cm/sec: volt/em (Table 1). These two groups are seen on 1/k, characteristics 
as distinct breaks. In some few cases one break only is to be found and the ion group 
associated with this break occupies a broader region of the mobility spectrum than 
in the two group cases. Fig. 8 may be cited as an example of a typical characteristic 
of positive small ions generated by X-rays; other examples are shown in Fig. 9. The 
mobility range in these examples is k = 1.0-1.1 cm/sec:volt/em showing that this 
group has the same mobility range as the positive small atmospheric ions [4]. 

On the other hand, the negative small ions are seen generally to form only one 
group having a mobility between k, = 0.9-1.5 cm/sec: volt/em. Sometimes they form 
two groups. In such cases, one group containing about ? of all the negative small 
ions has a mobility range k, = 1.0-1.6 cm/sec: volt/cm and the other smaller group 
k, =0.7-1.0 cm/sec: volt/em (Table 1). 

In exceptional cases, when the group k, = 0.7—1.0 cm/sec: volt/cm is not present, 
another group in the range k, = 2.5-3.0 cm/sec: volt/em is found containing 10% of 
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the negative small ions. Fig. 10 is an example of a characteristic for negative small 
ions. Other examples are given in Fig. 11. 


5.2. Large ions 


By directly measuring the large ions with an Israél large-ion counter no increase 
in concentration after the X-ray flash could be detected. As the undisturbed con- 
centration (background) of the large ions was very low (only 100-200 N/cm3), it~ 
was impossible to make sufficiently exact measurements. But we can state that if 


large ions are generated these do not exceed some per mil of the number of small 
ions. 


3.2. The transformation of ions 


The following experiment was carried out to see if the increase of small ions influ- 
ences the already existing large ions and, if it does, to find out the extent of this 
influence. Ultra-violet light was switched on in the test-room giving a mixture of 
ions both large and small and of condensation nuclei [8]. After about an hour, when 
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Table 1. The average mobility & and the size of positive and negative small-ion 
groups 7 produced by X-rays. 
ee 


Positive ions Negative ions 
ky ks ky Ke 3 
em volt si fi em volt Ms a em volt he em volt 2,3 my 
sec cm sec cm Urs Me sec’ cm AU Serato mela ee asa 
1.96 0.83 0.85 2.24 0.37 1.35 2.65 0.58 0.65 4.1 
1.35 1.69 0.53 1.93 0.87 1.54 2.42 0.82 0.85 2.8 
1.39 1.74 0.56 2.06 0.84 1.43 1.60 0.77 0.60 2G | 
1.30 0.70 0.66 0.88 0.79 Heb28: 3.10 2.86 0.35 8.8 
1.85 1.62 0.71 2.08 0.78 1.49 3.20 2.63 0.40 8.0 
2.08 0.45 0.76 1.35 0.33 1.45 4.00 
1.96 0.15 0.62 0.32 0.47 1.56 1.47 
1302) 123.15 1.49 3.42 
1.06 3.96 1.41 1.42 
1.02 1.20 1.37 0.31 
1.19 2.90 1.41 2.90 
1.06 4.00 1.43 3.20 
1.04 barat Lea ss 0.39 


Table 2. The increase in the concentration N of large ions in air formerly exposed 
to ultra-violet light when X-rayed. 


Max. after 


Before X-rayed | Increase | Max. after] Before X-rayed | Increase 
Ni, N, % T sec N_ ips % T sec 
9 500 10 100 8 66 6 750 8 000 16 39 
8 950 9 800 12 60 7 050 8 000 13 36 
8 450 8 950 9 78 7 050 7 800 11 56 
6 950 8 200 18 64 6 900 8 700 26 35 


the ion mixture had attained some state of equilibrium, measurements were begun. 
First the number of large ions at different limiting mobilities was measured and in this 
way the characteristic for large ions from ultra-violet light was obtained. Then the 
suction-box was X-rayed when full air-flow ¢ from the test-room was sucked through 
it and the same measurements were again carried out. As a result of the X-ray flash 
the concentration of the large ions in this air was found to increase temporarily by 
about 10-20%, returning later to its original level. This increase occurred sooner 
for negative large ions. For these the number of ions reached its maximum in ca. 
40 seconds, while positive large ions proceeded to increase for about 65 seconds, 
Table 2. 

The first NV, and N_ give the numbers of large ions before the X-ray flash, and 
the second after the X-ray flash. “‘%’’ gives the relative increase after the flash. 
T sec indicates the time in which the maximal value of NV, or N_ was reached after 
the flash. All N and N_ in Table 2 are measured at k, = 0.0027 cm/sec: volt/cm. 

Such numbers as stated in % and 7' sec columns in Table 2 depend not only on 
the laws of recombination and combination, but also on the apparatus (suction-box, 
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Fig. 12. 1/k characteristics for positive large Fig. 13. 1/k characteristics for negative large 
ions. ions. 


pipes, air-flow etc.) and the condition of the air (humidity, temperature etc.). Figs. 
12 and 13 are examples of large ion measurements. The characteristic of the large 
ions is only slightly modified by the X-ray flash. It retains its former form, showing 
that even spectral distribution of the large ions has been little changed. The lighter- 
ion part of the spectrum shows the largest increase. If the spectrum of the difference 
of X-rayed large ions and non-X-rayed large ions is definite enough, then the con- 
clusion can be drawn that the small ions attach themselves to the smaller nuclei 
generating ions with a mobility & = 0.01-0.02 cm/sec: volt/cm, that is, ions classified 
as intermediate ions. 

With such measurements it would be possible to follow the process of ionic trans- 
formation, but in practice it is difficult to measure two characteristics with sufficient 
precision. Hence it is not possible to rely on the difference of two characteristics 
when taken as a new characteristic for itself. 


5.4, Small ions in the atmosphere of large ions 


What happens to small ions when they are generated in a space filled with large 
ions and nuclei? The characteristics for the X-ray small ions are drawn, both before 
and during the generation of large ions, by irradiation of the space with ultra-violet 
light. The result is shown in Fig. 14. The number of large ions is increased by the 
ultra-violet light and therefore the X-ray small ions have a greater probability of 
combining with large ions to give neutral nuclei. Two other processes occur with 
increased intensity: the combination of small ions with nuclei to form large ions, and 
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secondly the recombination between positive and negative small ions. The result is 
a decrease of the concentration of the small ions. 

But the form of the characteristic remains the same as before, only the general 
level of small ion concentration having decreased a little. This means that the mo- 
bility spectrum of small ions has not changed. The level of concentration of small ions 
may sink and if this happens that of the large ions will increase. The measured changes 
are equal and opposite—at least within the limits of experimental error. 


5.9. The n curves obtained by zero volt at the control electrode of the counter 


Carrying out the measurements for small ions with. different tensions applied to 
the control electrode of the small ion counter zero voltage was tentatively applied. 
One of the curves obtained is shown in Fig. 15. It was found that the condenser 
acquired a small negative charge which can be explained by ion absorption in the 
counter. For ion adsorption cf. Zeleny [16], Villari [15], Siksna and Metnieks [14]. 

When ions of both signs and of approximately the same concentration are present, 
the observed negative charging of the condenser when no voltage is applied can be 
explained only by the greater mobility of the negative small ions. The charging rate 
decreases with time, because the concentrations of ions of both signs decrease as a 
result of recombination. After about a minute there is no longer any charging effect. 
Then it changes its sign and the charging becomes positive. Two different peciany 
tions might be adduced to explain such behaviour of the small ions: 

(1) The concentration of the negative ions is too low in relation to that of the 
positive ions at the time of transition of polarities, or 

(2) the negative small ions have changed their mobility more than the positive 
ions and are now as slow as, or even slower than, the positive ones. 

To decide between these alternatives some additional measurements were made. 
The concentration of ions of both signs was measured carefully and the changes of 
concentrations with time were especially noted. The curves obtained are shown in 
Fig. 15. 

sibs the whole experiment the concentration of the positive ions exceeds that 
of the negative ions. Therefore the first part of the curve—the negative charging of 
the condenser—is due to the greater mobility of the negative ions. 

The concentrations of both ions decrease after the X-ray flash has ended, but the 
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number of the negative ions decreases more rapidly; correspondingly the ratio of the 
positive and negative small ions increases with time. It is difficult to judge from the 
obtained curves alone if these changes of ion concentrations are sufficient to explain 
the following positive charging of the condenser, because there is no acceptable 
theory from which to calculate the charging of an insulated body by adsorption of 
ions. As no mobility shift of the negative small ions to the slower side of the ion 
spectrum can be observed, the positive charging of the ion counter exhibited in the 
latter part of the curves must be attributed to the increasing surplus of the positive 
ions. 


6. Some considerations regarding the mobility distribution of atmospheric 
small ions 


Loeb [5] does not admit the existence of more than two small ion groups and thinks 
that even these two groups may exist simultaneously only under extraordinary 
conditions as, for example, in Chapman experiments [1]. The first of these two groups 
is not stable and by ageing goes over into the second. This change takes place in a 
single step and occurs in time of the order of 10-? seconds or less, so that thereafter 
only one form of the ions is present. If this hypothesis is correct, then the two groups 
observed during the interval 5 to 60 seconds after the small ions have been generated 
by X-ray flashes cannot both be real and one of them must be only apparent. 

Pollermann [9], while investigating the formation of droplets around positive 
and negative ions, measured the mobility of these ions in saturated and in super- 
saturated air. He also found only one mobility group for negative small ions, but two 
groups for positive small ions the mobilities of which differ little. For example, in 
the case of twofold supersaturation the mobility for the first group was k = 0.9 and 
for the other k = 1.1 cm/sec: volt/cem. 

As shown by other investigations at this Institute [12] there exist several kinds 
of small ions and at times it is necessary to point out very exactly which small ions 
are in question. We agree that in normal atmospheric air atomic and molecular ions 
are produced by ionization, and that in a very short interval, 10-? sec. or less, cf. 
above, these change into the initial small ions—these latter already being in the 
form of clusters. The clusters may sometimes undergo further changes to become 
affected small ions after some time. These latter are stable and can only recombine 
with other small ions or combine with either large ions or condensation nuclei. They 
do not, however, continue to increase steadily in volume. 

Hogg [3] has found ions in atmospheric air with a mobility varying between 
k =0.02 cm/sec: volt/em and k = 0.001 cm/sec: volt/em. He attributed them to the 
droplets of sulphuric acid. Such ions correspond to those mentioned in 5.3, above, — 
which had a mobility k =0.01-0.02 cm/sec:volt/em and which gave the increase — 
of large ions when X-rayed. But it is not very likely that they could be the X-ray 
small ions transformed in the meantime to such a low mobility. There is no indication 
that the small ions transform themselves directly to a mobility lower than ca. k = 
0.5 cm/sec: volt/em. Therefore, there must exist a small amount of condensation 


nuclei of such magnitude that by combining with small ions they give such inter- 
mediate ions. 
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Summary 


Small ions formed in the atmospheric air by X-rays are measured. Ions of both 
signs are produced with approximately the same abundance. Frequently two groups 
with different mobilities have been found, especially in the case of positive ions. 

It is found that practically no large ions are generated by X-rays, but when the 
atmosphere already contains large ions, X-raying increases their concentration by 
10-20 % on account of the uncharged part of the nuclei. 

Conditions are discussed under which it is permissible to interchange n-values 
and 7-values when drawing characteristics, that is, interchanging the instantaneous 
ion concentration and its accumulative value. 
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